We report a new method for measuring cation and anion permeability across cuticles of sour orange, Citrus aurantium, leaves. The method requires the measurement of two electrical parameters: the diffusion potential arising when the two sides of the cuticle are bathed in unequal concentrations of a Cl salt; and the electrical conductance of the cuticle measured at a salt concentration equal to the average of that used in the diffusionpotential measurement. The permeabilities of H+, Li+, Na+, K+, and Cs+ ranged from 2 x 10-8 to 0.6 x 10-8 meters per second when cuticles were bathed in 2 moles per cubic meter Cl-salts. The permeability of Cl-was 3 x 10-9 meters per second. The permeability of Li+, Na+, and K+ was about five times less when measured in 500 moles per cubic meter Cl-salts. We also report an asymmetry in cuticle-conductance values depending on the magnitude and the direction of current flow. The asymmetry disappears at low current-pulse magnitude and increases linearly with the magnitude of the current pulse. This phenomenon is explained in terms of transport-number effects in a bilayer model of the cuticle. Conductance is not augmented by current carried by exchangeable cations in cuticles; conductance is rate limited by the outer waxy layer of the cuticle. ion migration. In the most recent of those studies (12), we used diffusion-potential measurements exclusively to obtain data from which we calculated ionic-permeability ratios relative to K+, which we used as a reference ion. Here, we report on experiments that combine two different electrical measurements, diffusion potentials and electrical conductance, and use these data to calculate ionic permeabilities.
ion migration. In the most recent of those studies (12) , we used diffusion-potential measurements exclusively to obtain data from which we calculated ionic-permeability ratios relative to K+, which we used as a reference ion. Here, we report on experiments that combine two different electrical measurements, diffusion potentials and electrical conductance, and use these data to calculate ionic permeabilities.
MATERIALS AND METHODS
Cuticles of sour orange, Citrus aurantium L., were prepared in a manner similar to that described earlier (11) . Briefly, adaxial cuticles were isolated by enzymatic techniques (incubated in pectinase and cellulase in acetic acid at pH 4.5 and at 37°C) and mounted between the cylindrical wells of a flow cell similar to that used previously (1 1). The cylindrical well had a diameter of 6.4 mm, and two Pt disk electrodes were added ( Fig. 1 , left side, and Fig. 2 ). The disks were platinum blacked and mounted onto the back surface of each well. Holes were drilled to allow solution flow through the inlet and outlet ports. A small hole was drilled parallel to the inner face of each half-cell to allow the insertion of a tight-fitting Ag wire within 200 ,m of the cuticle. Exposed segments of the Ag wires within the wells were chlorinated.
As noted in an earlier paper (12) , the objective of our research program is to determine the effects of environmental stress on tree growth and development. One component of our current research is to develop a basic foundation for conducting research on the movement ofions through cuticles so that we may develop a better understanding of the uptake and leaching of nutrients from leaves of trees. Previously (1 1, 12) , we reported results of experiments in which diffusion potentials were measured across isolated leaf cuticles that were bathed in known solutions of monovalent and divalent cations. We hypothesized two models (a charged-pore model and a bilayer model) of the cuticle that accounted for the asymmetric character of cuticles and driving forces affecting ' This research was supported by funds from the U.S. Department of Agriculture, Forest Service, Northeastern Forest Experiment Station, and by grant numbers USDA 87-CRSR-2-302 1 and USDA 88-34 157-3748.
Equipment for Electrical Conductance Measurements
Electrical conductance was measured using a circuit shown in Figure 1 . The Pt electrodes were used to apply a short pulse of constant current, I (of 50-200 ms duration), across the cuticle. The the discussion. Eventually, AV reached a constant value, and only that value was used to calculate X. The direction of the current flow was changed between measurements to reduce polarization of the Pt electrodes and polarization of the cuticle.
The constant-current pulse was regulated by the feedback loop of an LF35 1 operational amplifier. The loop produced whatever voltage was needed to deliver a current across the load to cancel the current coming across the resistor, R, attached to the inverting (negative) input of the operational amplifier. Current was applied through a PS, that could be used to change the direction of current flow, and through an LS that could switch the current to an load resistor (used for calibration) or to the flow cell. The current pulse duration was set by a PG, a model 3300 pulse generator (B&K Precision, Dynascan Corp.), and the magnitude of the current could be adjusted from 0.1 to 10 ,A by adjusting the voltage of the pulse and by the value of the resistor, R. The AV was amplified by a model DAM50 differential amplifier (AMP, World Precision Instruments, Inc., New Haven, CT) and displayed together with the PG output on a digital oscilloscope (Tektronix model 7D20).
Initially, measurements were made manually. Switches LS and PS were manual, double-pole-double-throw switches, and the pulse was activated by pushing a button on the PG. In a later automated system, the LS and PS switches were solid state and under computer control. The pulse generator was replaced with a digital-to-analog circuit under computer control, and the oscilloscope was replaced with an analog-todigital circuit under computer control. The computer was an IBM-XT clone and the control circuits for the switches, digital-to-analog and analog-to-digital, were all provided by a CAAN data acquisition and control adapter (IBM). Readers interested in the circuit diagrams for the manual and automated measuring systems and control software may write the authors for details.
To eliminate the effect of 60 Hz line-voltage noise, all AV measurements were based on the mean of 10 
Diffusion Potential and Conductance Measurements
Electrical conductances were measured in isolated cuticles bathed in KCI solutions ranging from 0.3 to 1000 mol m-3 (1 mol m-3 = 1 mM). We found that X of cuticles changed for several h after changing the concentration of the bathing solution. The time course of X change provides some information about ion permeation, but this will be the subject of another paper. All X measurements in this paper were made after >6-h equilibration periods, during which time the equilibration solution was continuously pumped through the flow cells at the rate of 0.2 mL min-'.
Electrical conductance and diffusion potential were measured using solutions of LiCl, NaCl, and KCI at high and low concentrations, and CsCl and HCI at low concentrations. The X measurements provided information on the sum of permeabilities of the cuticle to the cation and anion, and the diffusion potential measurements provided information on the ratio ofthe cation to anion permeabilities (see "Theoretical Considerations" below). From these two measurements, we calculated individual ionic permeabilities. The high concentration used was 500 mol m-3 because this corresponded to the concentration at which ionic permeabilities had been measured in the past (3, 5) . The low concentration used was 2 mol m-3 because we consider this to be closer to the average physiological concentration experienced by cuticles. Diffusion potentials were measured at concentration ratios between the physiological inside and outside of the cuticle (C'/C0) of 10 and 0.1, with average concentrations of 500 and 2 mol m-3 for the high and low concentrations, respectively. Diffusion potentials were measured across the Ag/AgCl electrodes and were computed as described (12) .
Theoretical Considerations
The purpose of this section is to establish the theoretical relationship between cuticle conductance, X, and the salt concentration inside it, and the relationship between X and the ionic permeabilities.
Conductances, permeabilities, and diffusion coefficients are interrelated (6) . The equivalent conductance ofa salt solution, A, is equal to the specific conductance, K, divided by the salt concentration, C'. Ksp is the conductance in Siemens (=mho) of a I m cube of solution and has SI units of S m-'; C' has units of equiv m-3, so A is m2 S equiv-' in SI units. For a thin sheet of solution of thickness, 6 , and area, a, the measured conductance would be:
(1) This equation also can be written for each ion separately by using subscripts to designate the cation and anion for X, A, and C'. In the remainder of this paper, it is more convenient to express concentrations in mol m-3, so we replaced C' with zi C,, where zi is the valence with sign of the ion and C1 is the concentration in mol m-3. For a single ion, the preceding equation becomes: Xi = Ai ZI C a/6 (la) The X of a salt solutions equals the sum of the cation and anion conductances. A is not a constant; for example, in KCI solutions it is about 24% smaller at 1 M concentration than at 1 mM, but it will be approximated as a constant in this paper. Treating A as constant is no more serious an error than treating mobility or diffusion coefficient as constants because they are related quantities. In terms of ionic mobility, ui, Ai is;
From Equation le, we see that X measurements can be used to compute P directly. Because X of a mono-mono-valent salt = X+ + A_ where X+ and X_ are the cationic and anion conductances, respectively, we have:
In a previous paper (11), we showed that the Goldman equation for ionic flux adequately predicts the diffusion potential in isolated cuticles when concentration ratios change, but the average ionic concentration is kept constant. The Goldman equation for each ion of a mono-mono-valent salt can be written as:
(3a) (3b) where x = FE'°/RT and EB' is the diffusion potential. During the measurement of E'O, the anion and cation fluxes are equal, J+ = JL. By setting the right sides of Equations 3a and 3b equal and solving for P+/P_, it can be shown after some simplification that, P+/P_ = (e' -CR)/(1 -eXCR) (4) where CR = Ci/Co. Equations 2 and 4 constitute a system of two equations in two unknowns. So the measurement of X and E'0 at the same concentration ought to yield values of P+ and P_.
A rigorous treatment of ion transport through cuticles should be based on the principles of irreversible thermodynamics (2, 13) . It is impractical to do so at this time because techniques to measure all the parameters needed do not exist. In this regard, we are handicapped by the same limitations in most membrane-physiological studies. We have confidence in the classical approach used above because we have shown that the E'0 measurements in our system fit the predictions resulting from the Goldman constant field assumption (1 1) under the experimental conditions used in this paper. All phenomena observed below can be explained in terms of classical thermodynamic transport equations. (Id) where a is the partition coefficient and 6 is the thickness of the membrane (4) .
In the context of the conductance of a cuticle, C would be the concentration inside the cuticle and would be equal to aC' where Co is the concentration in the bathing medium. Combining Equations la through ld and using the meaning of a, we get:
Cuticle conductance was found to be independent of the applied current at high KCI concentrations (>300 mol m-3), but cuticle conductance was dependent on the magnitude of the applied current in the range of 0.1 to 1 ,A when conductances were measured at low KCI concentration. Conductance computed from the positive and negative pulses diverged symmetrically as current increased. Conductance on the positive pulse always was more than on the negative pulse at high current, but conductances were nearly equal at low current. The mean of the conductances measured with positive and negative pulses approximately equaled the limiting conductances at low current (Fig. 3A, B) . Because the conductances can be measured more accurately at high than at low current, most conductances reported in this paper are the mean from the positive and negative pulses measured at high current. We believe this is justified because the mean closely approximates the limiting conductance at low current. The mean conductance in Figure 3B increased slightly above the limiting value at low current, but this may be a measurement error because the current-pulse duration was not long enough to reach a steady-state voltage on the negative pulse (Fig. 3D) . The rise time for voltage to reach a constant value during a constant current pulse was greater for a negative pulse than for a positive pulse, and greater at low concentration than at high concentration (Fig. 3C, D) . The duration of the current pulses always was adjusted to allow enough time for the voltage to a reach steady-state. This was usually possible with pulses <170 ms duration. In the discussion, we propose reasons for the asymmetry in conductance measurement.
Cuticle conductance was a function of the concentration of KCI, C0, in the solution with which it was equilibrated (Fig.   4 ). When log X was plotted versus log C°, an approximately linear relationship was found. Cuticle-to-cuticle variation in X at any given concentration typically varied over a range of 10-fold. Some of this variation may be explained by cuticleto-cuticle variation in thickness, but scanning EM micrographs revealed that all cuticles were between 1 and 2 ,um thick, and no correlation between cuticle thickness and conductance was evident. Because cuticles have a substantial cation exchange capacity (7) (8) (9) , and because mobile cations at the exchange sites should carry current, we had expected cuticle X to reach a constant value as the concentration of KC1 in the bathing solution reached a low value. This behavior was found in Nitella cell walls (10) (Fig. 4) . In three of seven cuticles, a slight nonlinearity was found in the plot of X versus C" consistent with the behavior of Nitella cell walls, but the trend was not evident in mean values of X (Fig. 5) . However, cuticle X does decline less rapidly with declining Co than the conductance of KCI in water (Fig. 5, closed circles) . Table I contains a summary of diffusion potentials, conductances, and computed ionic permeabilities for several monovalent chloride salts at two concentrations. Note that cation permeabilities, P+, are all about five times larger at 2 than at 500 mol m-3. The permeabilities at high concentration are 2 to 10 times higher than those reported for cuticles isolated from apricot and Brussels sprouts. In apricot, the P+ values of Li', Na+, and K+ range from 6 x 10-`0 to 4 x 10-' m s-', and it is 2 x al. (1 1, Fig. 7 ) would be ruled out if the bilayer model is correct.
The bilayer model also is consistent with the asymmetry in conductances measured at low concentration. We believe that the increase in asymmetry with increased current (Fig. 3A, B) is related to the change in transport number at the interfaces between the outer waxy layer and the inner layer with exchangeable cations. The transport number is a measure of the fraction of the current carried by cations and anions in a medium (water or cuticle layer). In water containing KCl, the transport number for K+, t+, equals 0.5, and because t+ + t_ = 1, it follows that half the current is carried by the anion, i.e. t_ = 0.5. In the inner layer ofthe cuticle, the concentration of exchangeable cations is about 150 mol m-3, and because this is probably at least two orders of magnitude more than the Cl-concentration in this layer, it seems likely that t+ > 0.99. The superscript c refers to the transport number in the ,cuticle layer containing cation exchange sites. If we assume the waxy outer layer contains no cation exchange site and is hydrophobic, then the concentrations of K+ and Cl-in the waxy layer are likely to be approximately equal, and much less than in the bathing medium. So let's assume that t+ = C = 0.5, where the superscript w refers to the waxy layer. Given these transport numbers, during a positive-current pulse, cations will approach the interface of the w and c layers from the c layer faster than they are removed (Fig. 6) . Similarly, the anions will approach the interface of the w and c layers from the w layer faster than they are removed. Both effects will tend to increase the concentration of KCI in the w layer. If the conductance of the w layer is proportional to the concentration of KCI in the w layer, then the positive conductance will rise during the positive pulse. The reverse will occur during a negative-current pulse, i.e. the KCI in the w layer will fall and the conductance will decrease. We have Table 1 . Mean Absolute Diffusion Potential (E'0), Mean Conductance, and Computed Permeabilities for Cation, P+, and Anion (Always Cl-), P_, in Isolated Citrus Cuticles E'i and X were measured on the same cuticles; E'i was measured with concentration ratios C'/C' = 10 and 0.1 across the cuticle but with a mean concentration equal to that used for the measurement of X (= CO in this table). All means are given as means ± SE for n samples. S = Siemens (= mho). SALT To illustrate how electrical effects can alter ion migration, consider a simplified model system in which the leaf apoplast contains only KCI. As KCI diffuses out while the leaf is bathed by distilled water during a continuous "rain" event, the diffusion potential generated would make the outside of the leaf positive with respect to the inside, and this would increase the driving force on Cl-and decrease the force on K+ until J+ = J. Under these conditions, the diffusion coefficient for the KCI salt pair is equal to RTu+u_/F(u+ +u_) (6) . From this, it follows that the permeability for the salt pair PKCI = P+P-/ (P+ + P_), which approximately equals P_ when P_ << P+. In some situations, P_ can be much less than P+ (11, 12) , although not in this study, and will limit the rate of diffusion of KCI. If P_ for Cl-is about 10-0 m s-', then the half-time for washout will be nearer to 10 d. In another scenario, we might consider that the apoplast contains KA at a concentration of 300 mol m-3, where A is an anion with zero permeability, i.e. the apoplast is a cation exchange resin filled with K+ as the counter ion. Then consider a "rain" event with NaB rain at approximately the same concentration as that of KA, where B is a soluble anion of zero permeability across the cuticle. In this situation, the diffusion potential might be nearly zero, and Na+ on the outside would exchange for K+ on the inside. Because Na+ andK+ permeabilities are nearly equal, the half-time for leaching of K+ would be 0.2 d or less.
The real half-time for cation leaching from real leaves probably will be between these two extremes, i.e. between 0.2 and 2 d.
A more realistic example might be a rain event in which H+ is the dominant cation in the bathing solution. Because P+ for H+ is >P+ for all other cations (Table I) , we might expect a rapid exchange diffusion of H+ ions for other cations in the apoplast with a short half-time(0.1 to 0.2 d?). A substantial diffusion potential is likely to arise in this case (12) that will speed up the influx of H+ and slow down the efflux of other cations, but the rate-limiting constant will be determined by a permeability between that of the HI and the exchangeable cations.
We have yet to confirm that the permeability of isolated cuticles is the same as that of intact cuticles on leaves, but our calculations suggest that long rain events could leach substantial quantities of nutrients from the apoplast of Citrus leaves under some circumstances. Transcuticular nutrient leaching still may not adversely affect the nutrient balance of leaves if the combined effects of ion pumps and of the permeability barrier of plasmalemma membranes reduce the rate of leaching from living cells below that predicted from the apoplast.
